1. Introduction {#s0005}
===============

Coronary artery disease (CAD) is the primary critical cardiovascular event, causing high morbidity and mortality all over the world [@bib1]. Coronary artery luminal obstructions and plaque cracks due to atherosclerosis are the most common causes of CAD, which is distinguished by endothelial damage, lipid aggregation and the generation of atherosclerotic plaques [@bib2]. Apoptosis and necrosis of cardiomyocytes, endothelial cells and monocytes with subsequent extravagant inflammation are the main causes of vessel damage under CAD [@bib3]. Thus, strategies that repress cell death and manage unsuitable pro-inflammatory responses under CAD are potential therapeutic strategies for improving the clinical prognosis of patients with CAD.

Oxidative stress is one complication that occurs when the generation of reactive oxygen species (ROS) exceeds antioxidant enzyme activity [@bib4]. Oxidative stress is recognized as a key regulator of the progression of cardiovascular diseases. For example, previous studies have suggested that hyperlipidemia and diabetes mellitus (DM) are both associated with elevated oxidative stress, which may result in the development of atherosclerosis and CAD [@bib5]. In addition to cardiovascular diseases, other systemic diseases, degeneration and aging are associated with oxidative stress and have been well reported by investigators [@bib6]. In normal situations, cells are protected from ROS by antioxidant enzymes such as Superoxidase dismutase (SOD), glutathione peroxidase (GPx), and catalase [@bib7]. SOD quickly catalyzes the chelation of O^−^ to H~2~O~2~·H~2~O~2~ is converted to O~2~ and H2O by catalase or GPx [@bib8]. Therefore, antioxidant enzyme activity is important for the normal redox balance in humans.

The chronic inflammation linked with CAD is currently well-known in clinical practice. The American Heart Association suggested that the blood C-reactive protein (CRP) level is a risk factor in coronary disease development [@bib9]. In addition, the immune capacity in the human body plays a critical role in the induction and deterioration of atherosclerosis, with monocytes/macrophages playing critical roles in this action [@bib10]. Monocyte participation in the progression of atherosclerotic plaques was demonstrated in the 1970s, with monocyte aggregation manifested in atherosclerotic lesions [@bib11].

SIRT1 (Sirtuin 1) is recognized to play an important role in regulating cellular physiological processes, such as metabolism, cell degeneration, cell growth and cell survival. In human endothelial cells, SIRT1 regulates anti-aging in endothelial cells and protects against endothelial inflammation [@bib12], [@bib13]. Some survival genes or stress-resistance related genes are targets of SIRT1, such as mTOR, PI-3K, PPAR-γ and p53 [@bib14]. SIRT1 has also been shown to enhance antioxidant enzyme activity and inhibit free radical-mediated oxidative injuries via decreasing NADPH oxidase activation [@bib15]. Furthermore, a previous study reported that the expression level and activity of SIRT1 were reduced in inflammatory endothelial cells [@bib16]. Recently, SIRT1 has been recognized as a novel target in preventing human endothelial pathology. For example, SIRT1 protects against ionomycin-induced ICAM-1 expression in endothelial cells [@bib17] and attenuates thrombomodulin down-regulation after particulate matter exposure [@bib18]. Activating SIRT1 function via drugs has also been reported to reduce oxidative injury-induced endothelial cell death [@bib19]. Moreover, the expression level of SIRT1 is shown to be decreased in inflammatory human endothelial cells [@bib16]. SIRT1 influences the biological activity and signaling transduction of a number of proteins by modulating their deacetylation or through non-deacetylating reactions. LKB1 is one of the important targets of SIRT1. A previous study suggested that SIRT1 positively regulates endothelial cell proliferation and prevents senescence by targeting LKB1 [@bib20]. SIRT1 has been well investigated in endothelial cells. However, there is only one study that has reported on monocyte SIRT1 repression in patients with CAD [@bib21]. This study was designed to understand whether SIRT1 inhibition causes oxidative stress and inflammation in patients with coronary artery disease.

2. Materials and methods {#s0010}
========================

2.1. Study patients {#s0015}
-------------------

The study group included 30 patients diagnosed with CAD over 60 days and 30 cases with normal coronary arteries. The two groups were recruited from the National Cheng Kung University Hospital. All patients presented with stable clinical symptoms and syndromes. The basic parameters of the studied population are presented in [Table 1](#t0005){ref-type="table"}. In detail, the clinical diagnosis of stable CAD was made according to a clinical evaluation, echocardiography, and angiography. Patients who satisfied the following inclusion criteria were included in the study: patients diagnosed with CAD without angina or clinical presentation and syndromes that remained stable for at least 60 days with no indication of new myocardial damage. Exclusion criteria were previous coronary bypass surgery, unstable angina, and new myocardial infarction. The study was conducted in accordance with the Declaration of Helsinki. The study protocol was approved by the Ethics Committee of National Cheng Kung University Hospital (Approval number A-ER-103-335), and each participant provided written informed consent.Table 1Characteristics of subjects [a](#tbl1fna){ref-type="table-fn"}.Table 1Characteristics[b](#tbl1fnb){ref-type="table-fn"}Control (n=30)CAD (n=30)p values[c](#tbl1fnc){ref-type="table-fn"}Age (years)52.2 ± 9.557.4± 11.2*0.455*Male/Female14/1617/13*0.075*BMI (kg/m^2^)24.4 ± 3.425.6 ± 4.7*0.121*BUN (mmol/L)5.9 ± 1.46.0 ± 2.1*0.335*CK (U/dL)130.5 ± 18.3183.3 ± 25.1*0.035*[\*](#tbl1fnStar){ref-type="table-fn"}Hs-crp (mmol/L)1.2 ± 0.42.8 ± 2.1*0.041*[\*](#tbl1fnStar){ref-type="table-fn"}TC (mmol/L)4.1 ± 1.14.9 ± 1.3*0.036*[\*](#tbl1fnStar){ref-type="table-fn"}TG (mmol/L)1.7 ± 0.72.0 ± 1.1*0.184*LDL-C (mmol/L)2.3 ± 0.73.3 ± 0.8*0.042*[\*](#tbl1fnStar){ref-type="table-fn"}HDL-C (mmol/L)1.2 ± 0.41.1± 0.4*0.551*HTN,n(%)7 (23.3)23(76.6)*0.034*[\*](#tbl1fnStar){ref-type="table-fn"}DM,n(%)6 (20)19 (63.3)*0.024*[\*](#tbl1fnStar){ref-type="table-fn"}Smoking habit,n(%)14 (46.6)17(63.3)*0.412*[^1][^2][^3][^4]

2.2. Reagents {#s0020}
-------------

Fetal bovine serum (FBS), medium 199 (M199), and trypsin-EDTA were obtained from GIBCO (Grand Island, NY). EDTA, penicillin, and streptomycin were obtained from Sigma (St. Louis, MO). Terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) staining kits were obtained from Boehringer Mannheim (Mannheim, Germany). The superoxide dismutase activity assay kit was purchased from Calbiochem (San Diego, CA). DCF-AM was obtained from Molecular Probes (Eugene, OR). 5,58,6,68-tetraethylbenzimidazolcarbocyanine iodide (JC-1) and anti-active caspase 3 were obtained from BioVision (Palo Alto, CA). Anti-vascular cell adhesion molecule-1 (VCAM-1), anti-intercellular adhesion molecule (ICAM), and anti-E-selectin were purchased from R&D Systems (Minneapolis, MN). SRT1720, anti-SIRT1 and anti-β-actin were obtained from Santa Cruz Biotechnology (CA, USA). Anti-acetyl-p53 and anti-p53 were obtained from Cell Signaling (MA, USA).

2.3. Laboratory data analysis and blood monocytes isolation {#s0025}
-----------------------------------------------------------

Blood samples were collected into vacuum tubes containing ethylenediamine tetraacetic acid (EDTA) for the measurement of blood profiles, cardiac markers and pro-inflammatory parameters. Blood was sampled for isolation of monocytes. Monocytes were isolated from heparinized blood from CAD subjects and control cases using Isopaque-Ficoll (Lymphoprep; Fresenius Kabi Norge AS, Oslo, Norway) gradient centrifugation. Monocytes were isolated for further biological tests. In some cases, isolated monocytes were cultured in RPMI with 10% FBS at a density of 5 × 10^6^ cells/ml for transfection.

2.4. Total RNA isolation and real-time PCR reaction {#s0030}
---------------------------------------------------

Total RNA was isolated using TRIzol reagent. Reverse transcription was performed at 42 °C for 60 min, followed by incubation at 95 °C for 5 min. The reaction 20 mixture (20 μl of total volume) consisted of 2 μg of isolated total RNA, 1 mM dNTP, 1 unit/μl of recombinant RNasin ribonuclease inhibitor, 15 U/μg of avian myeloblastosis 22 virus (AMV) reverse transcriptase, 5× RT buffer, and 0.5 μg of oligo (dT)12 primer. The gene-specific primers used are listed in [Table 2](#t0010){ref-type="table"}. Real-time PCR reactions were performed using the SYBR Green method in an ABI 7000 sequence detection system (Applied Biosystems, Foster City, CA) according to the manufacturer\'s guidelines. Primers were designed using the computer software Primer Express 2.0 (Applied Biosystems, Foster City, CA). The reactions were set by mixing 12.5 μl of the SYBR Green Master Mix (Applied Biosystems, Foster City, CA) with 1 μl of a solution containing 10-μM concentrations of both primers and 2 μl of cDNA solution. The Ct value was defined as the number of PCR cycles required for the fluorescence signal to exceed the detection threshold value. The relative amounts of mRNA for each gene were normalized based on the amount of the housekeeping gene β-actin.Table 2The oligonucleotide sequences.Table 2**ForwardReverse**SIRT15′-CGGATTAAAATTTGAGTTGTTTC-3′5′-CCTTCCTCTTTATAACGAACGTA-3′iNOS5′-CCCTTCCGA AGT TTCTGGCAGCAG C-3′5′-GGCTG CAGAGCCTCGTGGCTTTGG-3′LOX-15′-CTGGCTGCTGCCACTCTA-3′5′-TTGCTTGCTCTTGTGTTAGGA-3′β-actin5′-GAATTCTGGCCACGGCTGCTTCCAGCT-3′5′-AAGCTTTTTCGTGGATGCCACAGGACT-3′

2.5. Immunoblotting {#s0035}
-------------------

Monocytes were lysed in RIPA buffer (in mM: HEPES 20, MgCl2 1.5, EDTA 2, EGTA 5, dithiothreitol 0.1, phenylmethylsulfonyl fluoride 0.1, pH 7.5). Proteins (30 µg) were separated by electrophoresis on an SDS-polyacrylamide gel. After the protein was transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA), the blots were incubated with blocking buffer (1X PBS and 5% nonfat dry milk) for 1 h at room temperature and then probed with primary antibodies overnight at 4 °C, followed by incubation with horseradish peroxidase-conjugated secondary antibody (1:5000) for 1 h. To control equal loading of total protein in all lanes, blots were stained with mouse anti-β-actin antibody at a 1:50000 dilution. The bound immunoproteins were detected by an enhancer chemiluminescent assay (ECL; Amersham, Berkshire, UK). The intensities were quantified by densitometric analysis (Digital Protein DNA Imagineware, Huntington Station, NY).

2.6. Antioxidant enzyme levels measurement {#s0040}
------------------------------------------

To determine the antioxidant enzyme leveld, monocytes were collected from whole blood after centrifugation at 2500×*g* and 4 °C for 10 min. SOD (Cell Biolabs, STA-340) and catalase level (Cell Biolabs, STA-341) in monocytes was determined via an enzymatic assay method using a commercial kit according to the manufacturer\'s instructions. Enzyme level was converted to units per milligram of protein.

2.7. Investigation of reactive oxygen and nitrogen species (RONS) production {#s0045}
----------------------------------------------------------------------------

Monocytes were incubated with 10 µM DCF-AM for 1 h. The fluorescence intensity was measured with a fluorescence microplate reader (Labsystem, CA) calibrated for excitation at 485 nm and emission at 538 nm.

2.8. Measurement of mitochondria membrane potential and O2 consumption {#s0050}
----------------------------------------------------------------------

The lipophilic cationic probe fluorochrome 5,58,6,68-tetraethylbenzimidazol- carbocyanine iodide (JC-1) was used to explore the mitochondrial membrane potential (ΔΨm). JC-1 exists either as a green fluorescent monomer at depolarized membrane potential or as a red fluorescent J-aggregate at hyperpolarized membrane potential. JC-1 exhibits potential-dependent accumulation in mitochondria, as indicated by the fluorescence emission shift from 530 to 590 nm. Cells were rinsed with M199, and JC-1 (5 μM) was loaded. After 20 min of incubation at 37 °C, cells were examined under a fluorescence microscope. Determination of the ΔΨm was performed using a FACScan flow cytometer. O~2~ consumption was tested using an Oxygen Consumption Rate Assay Kit (MitoXpress® Xtra HS Method). In brief, cells were cultured on a black 96-well plate. After 24hrs, the plate was washed with the corresponding clear respiration media consisted of phenol-free RPMI with 10% FBS. A MitoXpress-Xtra-HS, phosphorescent oxygen sensitive probe, was put together to the wells to test oxygen consumption of monocytes. Oxygen consumption was evaluated by time-resolved fluorescence (TR-F) with a dual delay time of 30 μs and 70 μs. The TR-F was converted to phosphorescence lifetime values by the following equation: lifetime=Delay time 2- Delay time 2/ ( measured intensity value 1/ measured intensity value 2).

2.9. Investigation of apoptosis {#s0055}
-------------------------------

Apoptotic cells were assessed by a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay (Roche) under a fluorescence microscope or in a flow cytometer. The level of active caspase-3 was detected by flow cytometry and fluorescence microscopy using a commercial fluorescein active caspase kit (Mountain View, CA).

2.10. Transfection with small interfering RNA (siRNA) {#s0060}
-----------------------------------------------------

On-target Plus SMART pool siRNAs for non-targeting control and SIRT1 was purchased from Dharmacon. A jetPRIME^®^ was used for siRNA transfection. In brief, a final concentration of 50 nM siRNA per well was added into 200 μl of jetPRIME® buffer. For SIRT1 overexpression. And than, 4 μl jetPRIME® reagent was added and mixed for 10 s followed by 15 mins incubation. The transfection reagent was mixed with the cells in serum containing medium. 48hrs after transfection, cells were treated with reagent as indicated for further experiments. Transfection efficiencies had been confirmed by Western blotting assay.

2.11. SIRT1 overexpression {#s0065}
--------------------------

Human SIRT1 was bough from Addgene (Cambridge, MA, USA). SIRT1 was subcloned into p3XFLAG-Myc-CMV-26 expression vector. Transient transfections with 2 µg plasmid DNA were accomplished with Lipofectamine 2000 (Invitrogen) at 1: 3 ratio for 48 h. Transfection efficiencies had been confirmed by Western blotting assay.

2.12. Preparation of nuclear and cytosolic extracts {#s0070}
---------------------------------------------------

Nuclear and cytosolic extracts were isolated with a Nuclear and Cytoplasmic Extraction kit (Pierce Chemical, Rockford, IL). Monocytes were collected by centrifugation at 600*g* for 5 min at 4 °C. The pellets were washed twice with ice-cold PBS, followed by the addition of 0.2 ml of cytoplasmic extraction buffer A and vigorous mixing for 15 s. Ice-cold cytoplasmic extraction buffer B (11 μl) was added to the solution. After vortex mixing, nuclei and cytosolic fractions were separated by centrifugation at 16,000*g* for 5 min. The cytoplasmic extracts (supernatants) were stored at −80 °C. Nuclear extraction buffer was added to the nuclear fractions (pellets), which were then mixed by vortex mixing on the highest setting for 15 s. The mixture was iced, and a 15-s vortex was performed every 10 min for a total of 40 min. Nuclei were centrifuged at 16,000*g* for 10 min. The nuclear extracts (supernatants) were stored at −80 °C until use. NF-κB expression was measured using an NF-κB-p65 Active ELISA Kit (Imgenex, San Diego, CA, USA) according to the manufacturer\'s instructions. The absorbance at 405 nm was determined using a microplate reader (SpectraMax 340).

2.13. Nitric oxide (NO) accumulation {#s0075}
------------------------------------

NO production in the medium and was assayed using Gries reagent. Briefly, 100 μl of Gries reagent (1% sulfanilamide-0.1% naphthylethylene diamine dihydrochloride-2.5% H3PO4) (Sigma, St. 12 Louis, MO) was added to 100 μl of each supernatant in triplicate wells of 96-well plates. The plates were read in a microplate reader (Molecular Devices, Palo Alto, CA, USA) at 550 nm against a standard curve of NO in culture medium.

2.14. Adhesion assay {#s0080}
--------------------

HUVECs at 1 × 10^5^ cells/ml were cultured in 96-well plates. HUVECs incubated with monocytes (prelabeled with 4-μM BCECF-AM for 30 min in RPMI at 1 × 10^6^ cells/ml density) were added to fresh RPMI. The cells were allowed to adhere at 37 °C for 1 h in a 5% CO~2~ incubator. Plates were washed three times with M199 to remove non-adherent cells. The cells were then lysed with 0.1 ml 0.25% Triton X-100. Fluorescence intensity was measured with a fluorescence microplate reader (Labsystem, CA) and calibrated for excitation at 485 nm and for emission at 538 nm.

2.15. Adhesion molecule expression {#s0085}
----------------------------------

HUVECs were incubated with monocytes for 24 h. Cells were harvested and incubated with fluorescence-conjugated anti-ICAM-1, anti-VCAM-1, and anti-E-selectin (R&D, Minneapolis, MN) for 45 min at room temperature. After the HUVECs had been washed three times, their immunofluorescence intensity was analyzed by flow cytometry using a Becton--Dickinson FACScan flow cytometer (Mountain View, CA).

2.16. Statistical analysis {#s0090}
--------------------------

The data distribution of each covariate between the CAD and the control subjects was examined by Kruskal-Wallis rank sum tests for continuous variables and chi-square tests for clinical parameters. One-way ANOVA was used to compare the difference in gene expression levels between CAD and control subjects. In vitro studies, inter-group differences were analyzed by One-way ANOVA and Student\'s *t*-test. A p-value ≤ 0.05 was considered statistically significant.

3. Results {#s0095}
==========

3.1. Subject characteristics {#s0100}
----------------------------

A total of 60 cases were included in the present study (30 age- and gender-matched control patients without coronary artery disease and 30 ACS subjects from National Cheng Kung University Hospital). Detailed clinical parameters of the subjects' characteristics are shown in [Table 1](#t0005){ref-type="table"}. The medium age was 54 years old. CAD was diagnosed based on electrocardiography findings and clinical laboratory parameters. Overall, CK, Hs-crp and TC concentrations were higher in CAD subjects. Higher LDL cholesterol concentrations were found in CAD patients compared to control subjects.

3.2. SIRT1 expression is repressed in monocytes from CAD subjects {#s0105}
-----------------------------------------------------------------

Previous reports have suggested that SIRT1 plays a critical role in CVD. These studies analyzed the potential function of SIRT1 in CVD and explained the mechanisms of pro-inflammatory response repression and protection against oxidative stress [@bib22], [@bib23]. Accordingly, we investigated SIRT1 expression levels in isolated monocytes using quantitative reverse transcription PCR (qPCR) analyses. As shown in [Fig. 1](#f0005){ref-type="fig"}A, SIRT1 expression was relatively lower in the monocytes of CAD patients compared to control (non-CAD) subjects. SIRT1 protein expression levels were detected using a Western blotting assay ([Fig. 1](#f0005){ref-type="fig"}B). In addition, Acetylated p53 is a surrogate marker for endogenous SIRT1 activity and promotes apoptosis. Thus, we tested acetylated p53 expression using a Western blotting assay. Our results shuuested that acetylated p53 expression was relatively higher in the monocytes of CAD patients compared to control (non-CAD) subjects ([Fig. 1](#f0005){ref-type="fig"}C).Fig. 1Expression levels of SIRT1 in monocytes from clinical CAD patients. Monocytes were isolated from patients with or without CAD. SIRT1 mRNA expression levels in monocytes were investigated by real-time PCR (A). Summary data of representative Western blots shown (B) SIRT1 protein expression levels were repressed and (C) p53 acetylation were increased in CAD monocytes. \*P \< 0.05 compared with non-CAD monocytes. Data represent the mean ± S.D. Number of control subjects: 30, number of CAD subjects: 30.Fig. 1

3.3. LOX-1 and oxidative stress in patients with CAD {#s0110}
----------------------------------------------------

The lectin-like oxidized low-density lipoprotein receptor (LOX-1) has been traditionally described as a receptor for oxLDL [@bib24]. LOX-1 is expressed in monocytes, endothelial cells, and smooth muscle cells [@bib25]. In addition, LOX-1 plays critical roles in modulating the progression of atherosclerotic lesions [@bib26]. We found that the LOX-1 expression level was higher in the monocytes of CAD patients than in control patients ([Fig. 2](#f0010){ref-type="fig"}A). The up-regulation of LOX-1 expression promptly leads to ROS production [@bib27]. [Fig. 2](#f0010){ref-type="fig"}B shows that monocytes from CAD had a higher RONS level. In addition, we found that the antioxidative enzymes, catalase and SOD activities were higher in the monocytes of CAD patients than in control subjects ([Fig. 2](#f0010){ref-type="fig"}C and [Fig. 2](#f0010){ref-type="fig"}D). Interestingly, although the clinical presentations were stable in CAD patients, oxidative stress remained higher in CAD patients than in the control subjects.Fig. 2Activation of LOX-1/oxidative stress in CAD monocytes. LOX-1 mRNA expression levels in monocytes were investigated by real-time PCR (A). The fluorescence intensity of cells was measured using a fluorescence microplate reader to measure RONS concentrations (B). Antioxidant enzymes were investigated by kits. Intracellular GSH (C) and SOD (D) levels in monocytes were detected using a GSH assay kit and a SOD activity kit. \*P \< 0.05 compared with non-CAD monocytes. Data represent the mean ± S.D. Number of control subjects: 30, number of CAD subjects: 30.Fig. 2

3.4. Monocyte mitochondrial dysfunction in CAD patients {#s0115}
-------------------------------------------------------

Mitochondria demand oxygen to generate ATP in sufficient quantities to drive energy-necessitating reactions. The calculation of oxygen consumption levels from isolated mitochondria in vitro is an appropriate investigation to test mitochondrial dysfunction and diseases [@bib28]. Dual-read time-resolved fluorescence and subsequent Lifetime calculation permits estimation of the rate of fluorescence decay of the Extracellular consumption reagent, and can provide estimations of oxygen consumption that are more stable and with a wider dynamic range than evaluating signal intensity. We found that monocytes from CAD patients attenuated the rate of O~2~ consumption by a reduced lifetime signaling ([Fig. 3](#f0015){ref-type="fig"}A). The mitochondrial membrane potential is a key parameter of mitochondrial function and is used as an index of cell health. JC-1 was used for investigation of the mitochondrial membrane potential. The higher ratio of 535/595 indicates the higher membrane depolarization. [Fig. 3](#f0015){ref-type="fig"}B shows that monocytes from CAD patients had an impaired mitochondrial membrane potential (*p*=0.041). To determine whether CAD patients had an impaired mitochondrial membrane potential due to SIRT1 inhibition, monocytes from non-CAD patients were treated with SIRT1 silencing and overexpression. As expected, SIRT1 inhibition promoted H~2~O~2~-impaired mitochondrial membrane potential; however, overexpression of SIRT1 protected against H~2~O~2~-impaired mitochondrial membrane potential ([Fig. 3](#f0015){ref-type="fig"}C).Fig. 3Impaired mitochondria dysfunction in CAD monocytes. (A) Cellular oxygen consumption rate in monocytes were investigated in patients with or without CAD. (B) ΔΨm was inspected with the signal from monomeric and J-aggregate JC-1 fluorescence as described earlier. \*P \< 0.05 compared with non-CAD monocytes. Data represent the mean ± S.D. Number of control subjects: 30, number of CAD subjects: 30. (C) Monocytes from control subjects were overexpressed or silenced SIRT1 expression, JC-1 were used to investigate ΔΨm under H~2~O~2~ treatment. (D) Transfection efficiencies had been confirmed by Western blotting assay. Ѱ P \< 0.05 compared with non-H~2~O~2~-treated monocytes. ϕ P \< 0.05 compared with vector control monocytes. Δ P \< 0.05 compared with si-control monocytes. Data represent the mean ± S.D. of five independent experiments.Fig. 3

3.5. Monocyte apoptosis in CAD patients {#s0120}
---------------------------------------

LOX-1 regulates pro-apoptotic signaling transduction and nitric oxide (NO) catabolism, thereby facilitating oxidative injuries and cell death [@bib29]. We found more apoptotic events existed in CAD monocytes by TUNEL and caspase 3 assay. Interestingly, both SIRT1 overexpression or treatment of SIRT1 activator (SRT1720) in CAD monocytes mitigated these pro-apoptotic events ([Fig. 4](#f0020){ref-type="fig"}A and B). DNA fragmentation characterizes a representative hallmark of apoptosis. TUNEL is one well-established assay for investigating DNA fragments using flow cytometry. The fluorescence intensity increase is proportional to the increased TUNEL positive cells. We therefore used TUNEL assay to answer if SIRT1 is critical in regulation of apoptosis in CAD monocytes. In [Fig. 4](#f0020){ref-type="fig"}C, we reported that SIRT1 inhibition promoted H~2~O~2~-caused apoptosis; however, overexpression of SIRT1 protected against H~2~O~2~-caused apoptosis.Fig. 4Pro-apoptotic events were up-regulated in CAD monocytes. Pro-apoptotic events were investigated by (A) TUNEL or (B) caspase 3 activity assay. \*P \< 0.05 compared with non-CAD monocytes. \#P \< 0.05 compared with CAD monocytes. Data represent the mean ± S.D. Number of control subjects: 30, number of CAD subjects: 30. (C) Monocytes from control subjects were overexpressed or silenced SIRT1 expression, TUNEL assay used to investigate apoptosis under H~2~O~2~ treatment. Ψ P \< 0.05 compared with non-H~2~O~2~-treated monocytes. ϕ P \< 0.05 compared with vector control monocytes. Δ P \< 0.05 compared with si-control monocytes. Data represent the mean ± S.D. of five independent experiments.Fig. 4

3.6. Monocyte inflammation in CAD patients {#s0125}
------------------------------------------

Inflammation plays a critical role in the development of CAD. Next, we focused on the occurrence of inflammatory events in CAD monocytes. Our data revealed NF-kB expression is up-regulated in CAD monocytes. We also found that iNOS expression and NO concentrations are up-regulated in CAD monocytes. As expected, overexpression or activation of SIRT1 in CAD monocytes attenuated these pro-inflammatory events ([Fig. 5](#f0025){ref-type="fig"}A--C). A previous study has shown that the retention of adhesiveness to the endothelium in human monocytes is the main process associated with the earliest stages of atherogenesis [@bib30]. To test whether there is an increase in monocyte adhesion to HUVECs in CAD patients, confluent monocytes from control subjects or CAD patients with or without SIRT1 overexpression were co-incubated with monolayers of endothelial cells for 1 h at 37 °C. Our results demonstrated that monocytes from CAD patients increased the attachment of monocytes on endothelial cells; however, this finding was reversed by SIRT1 overexpression and activation ([Fig. 6](#f0030){ref-type="fig"}A, B). We also found that co-incubation with endothelial cell monolayers and monocytes from patients with CAD promoted endothelial adhesion molecule expression. We assumed monocytes from patients with CAD may have had a higher oxidative stress by SIRT1 inhibition, thereby causing endothelial adhesion molecule up-regulation. Therefore, we overexpressed SIRT1 or pretreated with SRT1720 or pretreated with Trolox (antioxidant) in monocytes from patients with CAD before co-culturing with endothelial cells. As anticipated, SIRT1 overexpression, SIRT1 activation and Trolox treatment reduced monocyte-derived adhesion molecule activation ([Fig. 6](#f0030){ref-type="fig"}C).Fig. 5Pro-inflammatory events were promoted in CAD monocytes. (A) Pro-inflammatory event was investigated by NF-·B activity assay. (B) iNOS expression levels were tested by real-time PCR. (C) Content of NO was assayed using Griess reagent. \*P \< 0.05 compared with non-CAD monocytes. \#P \< 0.05 compared with CAD monocytes. Data represent the mean ± S.D. Number of control subjects: 30, number of CAD subjects: 30.Fig. 5Fig. 6An increase of monocyte adhesion to endothelial cells in CAD patients. (A) Monocytes were pre-loaded with BCECF-AM were incubated with endothelial cells. The adhesiveness of HUVECs to monocytes was measured as described in the Materials and Methods. (B) CAD monocytes caused activation of adhesion molecules in endothelial cells. Adhesion molecules were investigated by flow cytometry. \*P \< 0.05 compared with non-CAD monocytes. \#P \< 0.05 compared with CAD monocytes. Data represent the mean ± S.D. Number of control subjects: 30, number of CAD subjects: 30.Fig. 6

4. Discussion {#s0130}
=============

CAD is the major cause of death in both the elderly and patients with cardiovascular diseases. The protective function of SIRT1 in the cardiovascular system has been well reported. Human circulator monocytes facilitate the destabilization of the fibrous cap, causing plaque rupture. In the present study, we reported for the first time that the expression levels of SIRT1 in CAD monocytes is mitigated compared to control subjects. In addition, LOX-1/oxidative stress signaling was activated and antioxidant enzyme activities were repressed in CAD monocytes. We also found that SIRT1 inhibition impaired mitochondrial dysfunction and promoted pro-apoptotic events and pro-inflammatory responses, thereby increasing monocyte attachment to endothelial cells ([Fig. 7](#f0035){ref-type="fig"}).Fig. 7Schematic diagram of the major study findings.Fig. 7

SIRT1 has been recognized as a new regulator of homoeostasis in the human cardiovascular system, and it has been suggested that SIRT1 exerts anti-atherosclerotic capacities against cellular dysfunction by preventing stress-facilitated senescence [@bib31]. As an ubiquitous NAD(+) dependent deacetylase, SIRT1 plays a critical role as a modulator in physiopathology processes, metabolism, stress responses and degeneration. In addition, activation of SIRT1 is thought to be an effective approach in the management of cardiovascular diseases or metabolic diseases [@bib32]. In contrast, SIRT1 repression has been found in some systemic disease. For example, Erion et al. suggested SIRT1 silencing in the liver represses basal hepatic glucose generation and enhances hepatic insulin responsiveness in diabetic animals [@bib33]. In this study, we found that SIRT1 expression levels were relatively repressed in CAD monocytes compared with control subjects.

The lectin-like oxidized low-density lipoprotein receptor (LOX)-1 is a major receptor for oxLDL. OxLDL binding to LOX-1 is one important step in the development of atherosclerosis [@bib34]. In addition, a study has shown that LOX-1 expression levels are activated in several pathological scenarios or systemic diseases, such as hypertension, diabetes, and hypercholesterolemia [@bib24]. Activated LOX-1 facilitates the production of free radicals and impairs antioxidant level, thereby causing oxidative stress in the circulatory system [@bib35]. SIRT1 negatively regulates LOX-1 expression by modulating the LOX-1 promoter [@bib36]. In the present study, we found that the LOX-1 expression levels and RONS concentration are higher in monocytes with CAD. Antioxidant activities, SOD and catalase, were also reduced in CAD subjects.

Mitochondria are known as the major origin of intracellular ROS under both physiological and pathological conditions. Mitochondria are important modulators of energy formation, signal transduction, inflammation and apoptosis [@bib37]. In addition, up-regulated mitochondrial free radicals are required for the initiation and acceleration of atherosclerosis [@bib38]. Normalization of mitochondrial function has been recognized as an effective approach in the management of atherosclerotic damage. For example, by increasing the activity of mitochondrial thioredoxin-2 (Trx2) or controlling the mitochondria-specific antioxidant mitigated atherosclerotic injuries in an animal study [@bib39]. SIRT1 enables mitochondrial biogenesis regulation under different stress conditions [@bib40]. SIRT1 activation protects cells from oxidative stress-caused by cellular dysfunction [@bib36]. In addition, SIRT1 mitigated aging-caused cardiac remodeling and contractile dysfunction through increasing mitochondrial function [@bib41]. Here, we have shown that mitochondrial function is impaired in CAD monocytes. We also found that mitochondrial dysfunction is modulated by SIRT1 inhibition.

This series of conflicting changes is also associated with pro-inflammatory events, such as the activation of NF-κB and the subsequent expression of inflammatory mediators that promote leukocyte adhesion. Considerable evidence indicates that oxLDL-induced cellular dysfunction is associated with the inhibition of eNOS and the activation of iNOS. Free radicals produced by oxLDL directly associate with NO to form peroxynitrite, a stable molecule that is toxic to cells [@bib42]. We found that pro-inflammatory events were relatively activated in CAD monocytes compared to control samples through modulation of SIRT1.

Human monocytes increase the imbalance of the fibrous cap, leading to plaque rupture. This is primarily coordinated by matrix metalloproteinases (MMPs)[@bib43]. A high concentration of MMPs generated by macrophages has been shown in vulnerable plaque districts, whereas up-regulated serum MMPs have been reported in patients with CAD [@bib44]. Importantly, monocyte aggregation is up-regulated in patients with CAD and persists even after one month of the acute onset [@bib45]. Taken together, the functional role of monocytes in CAD should be further investigated to provide a new therapeutic approach in patients with CAD. In this study, we confirmed that monocytes from CAD patients had an increased adherence to endothelial cells through SIRT1 repression. We also found that the attached monocytes caused endothelial adhesion molecule up-regulation, suggesting that up-regulated oxidative stress in monocytes in CAD may further cause endothelial dysfunction. In this present study, we used in vitro investigations to study the role of SIRT1 in CAD patients. We successfully demonstrated the SIRT1 inhibition is critical in apoptosis and oxidative stress regulation. However, there is still a gap to directly report whether SIRT1 inhibition in CAD monocytes truly increases the risk of long-term recurrence of ischemic events in CAD patients. A longitudinal study would be valuable to determine this issue.

In conclusion, this study established for the first time that oxidative stress in monocytes with CAD is significantly up-regulated by SIRT1 inhibition. In addition, pro-apoptotic events, pro-inflammatory events and mitochondrial impairment are significantly up-regulated in CAD patients, whereas activation of SIRT1 function reversed those atherosclerotic events. Results from this study might provide new knowledge with respect to the management of clinical CAD patients.
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[^1]: BMI: body mass index; BUN: blood urea nitrogen; CK: creatine kinase; Hs-crp: high-sensitivity C-reactive protein; TC: total cholesterol; TG: triglycerides; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; HTN: hypertension; DM: Diabetes mellitus.

[^2]: Parameters for age, BMI, Hs-crp, and lipid analysis are provided as mean ± SD.

[^3]: Control versus CAD.

[^4]: Bold indicates significant differences (p \< 0.05).
